Epidemiological studies suggest an inverse relationship between physical activity or fitness and blood pressure. In a meta-analysis of 44 randomized controlled intervention trials, the weighted net change in conventional systolic/diastolic blood pressure in response to dynamic aerobic training averaged À3.4/À2.4 mmHg (Po0.001). The effect on blood pressure was more pronounced in hypertensives than in normotensives.
Introduction
Essential hypertension is undoubtedly a multifactorial 'disease' and it is very unlikely that only one causal factor is involved. Its pathogenesis is based on the interaction between genetic and environmental/lifestyle factors. Genetic variance has been shown in family and twin studies, but the exact nature of the postulated genetic defect remains largely unknown. Environmental and lifestyle factors that have been invoked to explain an elevated blood pressure include sodium, alcohol and caloric intake, stress and physical inactivity. Many epidemiological studies have analysed the relationship between habitual physical activity or physical fitness and blood pressure, but the results are not quite consistent. Whereas several studies did not observe significant independent relationships, others concluded that blood pressure or the incidence of hypertension is lower in fitter or more active subjects. 1 However, it remains difficult to ascribe differences in blood pressure within a population to differences in the levels of physical activity or fitness, because of the potentially incomplete statistical correction for known confounders and because of the possible influence of confounding factors that were not considered or that cannot be taken into account, such as selfselection. Therefore, longitudinal intervention studies are more appropriate to assess the effect of physical activity and training on blood pressure. In the present review, we will assess the effects of dynamic physical exercise on blood pressure from longitudinal intervention studies in man. The review will be restricted to studies in adults. Blood pressure was most often measured in resting conditions, but also by the use of ambulatory monitoring techniques or in response to stress, particularly during exercise testing.
Blood pressure at rest
Overall results on resting blood pressure Many longitudinal studies have assessed the effect of dynamic aerobic training on resting blood pressure, but essential scientific criteria have not always been observed. Inclusion of a control group or control phase is mandatory. To avoid selection bias, allocation to the active or control group or the order of the training and nontraining phases should be determined at random. Ideally, subjects in the control group or in the control phase should be seen regularly, preferably as frequently as those in the training program; some authors even included lowlevel exercise as placebo treatment. We recently presented a meta-analysis of 44 randomised controlled trials on the effect of dynamic aerobic or endurance exercise on blood pressure at rest in otherwise healthy normotensive or hypertensive individuals. 2, 3 Of the 2674 participants 65% were men. Nineteen studies comprised only men, four only women, and the others included both sexes. Some studies involved several groups of subjects or applied different training regimens in the same participants, so that a total of 68 training groups/ programs are available for analysis. The average age of the groups ranged from 21 to 79 years (median: 44). Duration of training ranged from 4 to 52 weeks (median: 16) with a frequency of 1-7 weekly sessions (median: 3) of 15-70 min each, including warm-up and cool-down activities (median: 50). The exercises involved walking, jogging, running in 69% of the studies, cycling in 50%, swimming in 3% and other exercises were included in 23% of the training regimens. The average training intensity in the various groups varied between 30 and 85% of maximal exercise performance (median: 65).
Control data were collected only at the beginning and at the end of the control period in 23 studies; three control groups were subjected to light dynamic or recreational exercises, 10 were seen at least once in the research facilities and another eight were contacted regularly by the investigators. Resting blood pressure was measured by an automatic device in five of the 44 studies; when pressure was measured by the use of a random zero device (n ¼ 15) or by conventional (or unspecified) methodology (n ¼ 24), the investigator was blinded to the treatment in only five and three studies, respectively. Table 1 summarises the overall results. In the 68 study groups, the changes of blood pressure in response to training, after adjustment for the control observations, ranged from þ 9 to À20 mmHg for systolic blood pressure (SBP) and from þ 11 to À11 mmHg for diastolic pressure. The overall net changes averaged À3.4/À2.4 mmHg (Po0.001), that is, after adjustment for control observations and after weighting for the number of trained participants that could be analysed in each study group, whose total number amounted to 1529. Peak oxygen uptake increased significantly, whereas heart rate and body mass index (BMI) decreased (Table 1) . When expressed in net percent change, peak oxygen uptake increased by 11.8% (95% CL: 10.3; 13.4) and heart rate and BMI decreased by, respectively, 6.8% (5.5; 8.2) and 1.2% (0.8; 1.7). In 16 of 68 study groups, in which average baseline blood pressure was in the hypertensive range (SBP X140 or diastolic blood pressure (DBP) X90 mmHg), the weighted net blood pressure decrease was significant and averaged 7.4/5.8 mmHg; the blood pressure reduction was also significant and averaged 2.6/ 1.8 mmHg in the 52 study groups in which baseline blood pressure was normal, irrespective of antihypertensive therapy. In addition, when normotensive and hypertensive subjects followed the same training program, the blood pressure decrease was greatest in the hypertensives. 1 In other recent meta-analyses, which included 29 4 and 54 5 randomised controlled trials irrespective of baseline blood pressure of the participants, the training-mediated decreases of SBP/DBP averaged 4.7/3.1 4 and 3.8/2.8 mmHg, 5 respectively.
Influence of other characteristics
Meta-analyses concluded that there was no significant effect of age 3 or baseline BMI 3,5 on the exerciseinduced changes in blood pressure. The blood pressure response was also not related to changes in BMI, 3, 5 which ranged from approximately À1.5 to þ 0.5 kg/m 2 among the various study groups. The influence of gender is more difficult to assess because many studies included both men and women. Kelley 6 reported a small but significant reduction of blood pressure in studies that only involved women, all of whom were normotensive at baseline. Among three ethnic groups, black participants had significantly greater reductions in SBP and Asian participants had significantly greater reductions in DBP compared with white participants; 5 however, there were only four studies in black participants and six in Asians. With regard to the characteristics of the training program, exercise frequency, 2,4,5 type, 5,7 intensity 2,4,5 and time per session 2 did not appear to have an effect on the blood pressure response. The change of blood pressure was, however, somewhat smaller in studies of longer duration, 2,5 most likely because participant adherence to the intervention program decreased over time.
Ambulatory blood pressure
Among randomised controlled trials, 12 applied ambulatory blood pressure monitoring. 8 Six reported the average 24-h blood pressure, nine the average daytime blood pressure from early morning Values are weighted means and 95% confidence limits (CL).
to late evening, and four night time pressure. As an earlier analysis based on controlled and uncontrolled studies suggested that night time blood pressure is not or much less influenced by exercise training, 1 the current analysis is based on daytime blood pressure in nine studies and on 24-h blood pressure in the three studies, which did not report a separate full-day ambulatory pressure. Baseline blood pressure averaged 135/86 mmHg and the exercise-induced weighted net change in blood pressure À3.0 (À4.8; À1.3)/À3.2 (À4.3; À2.2) mmHg.
Exercise blood pressure
The effect of endurance training on blood pressure during exercise can be analysed, either by considering the data at a fixed workload or by considering the effect at a relative workload-that is, at a certain percentage of the pretraining maximal aerobic power and of the usually higher post-training maximal aerobic power. In the current overview, only the more relevant first approach will be used. In eight randomized controlled trials 8 blood pressure was measured during bicycle exercise at a median work load of 100 W (range: 60-140 W). Blood pressure was measured during treadmill exercise at an energy expenditure of B4 METS in two other studies. Baseline exercise SBP averaged 180 mmHg and heart rate 124 beats/min. The weighted net training-induced change in SBP amounted to À7 (À9.5; À4.5) mmHg and heart rate decreased by 6.0 (2.7; 9.2) beats/min.
Limitations
Several limitations of individual studies should be mentioned. Subjects in the control group or control phase were seldom examined as regularly as those in the training program or they were not followed during control. In addition, it is difficult if not impossible to blind the participants to the treatment in training studies. Many studies did not mention that the investigator who measured blood pressure at rest or during exercise was not aware of the treatment group and automated techniques were often not used. Participants were not always advised to keep diet or lifestyle constant throughout the study periods. Other shortcomings involve methodological issues such as methods of randomization; statistical analysis; handling of drop-outs; keeping of log books; monitoring of exercise intensity; time between last exercise session and blood pressure measurement.
Mechanisms of the training-induced changes of blood pressure
Haemodynamic data We identified 12 randomized controlled studies (17 study groups/programs) in which blood pressure, cardiac output and heart rate were measured and stroke volume and systemic vascular resistance calculated. 9 Baseline mean blood pressure ranged from 85 to 121 mmHg and averaged 101.5 mmHg. Table 2 summarizes the weighted net percent changes of haemodynamic variables. Training reduced mean blood pressure by 4.9% in these studies. On average, there was no significant effect of training on cardiac output so that the change in blood pressure could be attributed to a decrease in systemic vascular resistance. Heart rate decreased by 9% and stroke volume increased by 15%.
Basic mechanisms
Possible mechanisms linking blood pressure, physical activity and fitness have been reviewed elsewhere. 8, 10, 11 It is likely that the sympathetic nervous system is involved. A meta-analysis of 13 study groups from nine randomised controlled training studies showed a highly significant weighted net reduction of plasma noradrenaline of 29% (15;42) (Po0.001). 9 In addition, the lack of an effect on blood pressure during sleep, when sympathetic activity is low, indirectly supports the involvement of the sympathetic nervous system in the hypotensive effect of training. The renin-angiotensinaldosterone system is also potentially important through its effects on blood volume and arterial pressure. 10 More recently, it has been suggested that improvement of endothelial function contributes to the reduction of blood pressure after training. [12] [13] [14] It is likely that the lowering of blood pressure by training is multifactorial and further studies are needed to elucidate the mechanisms. 9 Physical training, diet and blood pressure control
We identified 10 randomized trials in which the influence of diet was compared with that of exercise alone and/or with the combined effects of diet and exercise in mostly overweight subjects. 3 Two of these studies did not include a nonexercise nondiet control group, so that the results have not been adjusted for control data in the meta-analysis. Study duration ranged from 4 to 52 week (median ¼ 38). Table 3 summarizes the results for the paired comparison of exercise and diet (11 study groups). Only physical training increased peak oxygen Values are weighted means and 95% confidence limits (CL) . N ¼ number of study groups. NS ¼ not significant. uptake. The reduction in BMI was significantly more pronounced in the diet groups than in the exercise groups. Finally, the reduction of blood pressure with diet alone (À5.9/À4.2 mmHg) was superior to that of exercise alone (À3.6/À2.7 mmHg). The results on the comparison of combined exercise and diet intervention with diet alone are shown in Table 4 (11 study groups). Only the combined intervention increased peak oxygen uptake. Diet alone was less effective in reducing BMI than the combined intervention. Nevertheless, there was no evidence that adding physical training to diet was more effective for blood pressure control than diet alone. It appears therefore that dynamic aerobic training is less effective than diet in lowering blood pressure and that exercise does not add to the blood pressure reduction by diet alone. 
